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Abstract
Reduction of CO2 emissions is regarded as necessary to limit the consequences of increased CO2
in the atmosphere. Carbon capture and storage will play an integral part in future reduction of CO2
emissions together with energy optimization. Development of an efficient CCS infrastructure is the 
key to reaching proposed emission goal. In the current project the focus is on CO2 emissions in the 
Skagerrak-Kattegat region. The project encompasses all aspects of CCS, but in this article the focus 
is on CO2 transport infrastructure. Different infrastructure scenarios are proposed and costs are 
compared. This will be an iterative process and a final recommendation will be given by the end of 
the project period. Preliminary results will be provided in this article and are limited by the 
specified assumptions. Currently two scenarios, storage in the Skagerrak-Kattegat region and one 
outside, are estimated and compared. Both scenarios assumed that all the CO2 emitted in the region 
is available simultaneously and that no ramp-up is necessary. Storage in relatively close proximity 
to the emission sources is preferable in an economic perspective and the initial estimations indicate 
this.
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
This paper is a part of an interregional EU project on CCS. The overall aim of this project is to 
provide a basis for establishing a coordinated Carbon Capture and Storage (CCS) infrastructure in 
the Scandinavian countries, with special focus on the region Skagerrak-Kattegat. Fossil fuels are 
abundant and will be used as the main energy source in the foreseeable future. CCS is one 
promising set of technologies that can bridge the gap to a sustainable future, based on renewables 
and more efficient use of energy. Successful implementation of CCS depends i.a. on the 
establishment of cost efficient capture, transportation and storage solutions. A prerequisite for such 
a development is international and regional cooperation between authorities, industry and 
politicians. 
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The work is partly financed through Interreg/KASK and public funding from Sweden and 
Norway, and partly by industry and Gassnova – the Norwegian state enterprise for carbon capture 
and storage. Current industry partners are: Preem AB, Vattenfall, Borealis, Göteborg Energi, 
Skagerak Kraft, Yara Norway, Esso Norway and Statoil. In addition to Gassnova, public funding is 
from Swedish Energy Agency, Telemark County, Vestfold County, Gothenburg Region and 
Innovation Norway. Research partners are Chalmers Technical University in Gothenburg, 
University of Gothenburg, University of Oslo, Telemark University College, Sintef and Tel-Tek. 
The project is divided into four work packages; capture, transport, storage and communication. 
The first three encompasses all the technical and regulatory elements of CCS, while the fourth is 
dedicated to CCS knowledge building and distribution of the project results. In this paper the focus 
will be on CO2 transport and the development of an efficient CO2 infrastructure in the Skagerrak-
Kattegat region, from capture to permanent storage. Approximately 13 million tons of CO2 are 
emitted from large point sources around in the region every year, where a possible 10 million tons 
can be captured and stored.( increase of CO2 due to capture is not included in these figures) The 
region around this basin is made up of eastern Norway, the western coast of Sweden and the 
northern part of Denmark. 
Chrysostomidis et al. (2009) [1] emphasize that good planning of infrastructure is needed to 
reduce costs associated with CCS. The conclusion is that an integrated approach to a pipeline 
network provides the lowest cost per. ton CO2 throughout its lifetime, if sufficient capacity is 
achieved relatively early. Possible alternative infrastructure solutions based on pipeline, ship and a 
combination of the two are; a pipeline and/or ship network for multiple sources to multiple storage 
locations and a single pipeline or ship from source to single storage location (point to point). 
Incentives are needed to stimulate the development of an optimized network. Developers will 
choose the point to point solutions because they are more cost effective for the first developers and 
have lower risk capacity utilization. The development of a network will require long-term planning 
which must be based on qualified guessing. Van den Broek et al. (2009) [2] look at infrastructure 
possibilities in the Netherlands. Several scenarios are examined and the conclusion is that the 
pipeline network must be oversized in the start-up phase. In Coleman (2009) [3] the main 
challenges and opportunities in regard to the development of an infrastructure for CO2 in the EU 
region are presented. In order for the EU to fulfill its obligations, billions of tones of CO2 must be 
stored by 2050. An efficient infrastructure will be based on a pipeline network under gradual 
development. Pipeline cost models for transportation of CO2 are presented in McCoy and Rubin 
(2008) [4] and in Medeiros et al. (2008) [5]. 
The Skagerrak-Kattegat region is well suited for a development of a transport infrastructure 
where 14 industry and power plants of varying sizes are located within a radius of approximately 
100 km. It will still be a challenge due to uncertainties in future development in the region, political 
will and uncertainties related to financing. The benefits for a region that facilitates for CCS are 
many. CO2 emitting sources both in the power producing and power consuming industries will 
probably at some point in the future be subjected to CCS. It will therefore be important for any 
region to provide stability which will promote development of sustainable industrial and economic 
growth. The alternative might be that industry relocates to regions without government imposed 
CO2 emission restrictions. This project would be a step on the road to providing an efficient CO2
infrastructure in the CCS chain that would benefit the Skagerrak-Kattegat region.
Currently no secure storage locations in the Skagerrak-Kattegat basins are identified. Surveys of 
existing data are ongoing and promising locations have been recommended for further 
investigations. If found suitable, much work remains before these are possible ready to be used as 
permanent storage of CO2, but possible storage in/or in close vicinity to the region will be beneficial 
for implementation of CCS. An alternative to storage in the region itself is storage in the Utsira 
formation in the North Sea. This is a relatively well known storage with over 10 years of CO2
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injection. Approximately 1 million ton is injected every year, Torp and Gale (2004) [6] and 
Harmanrud et al. (2009) [7].  
Figure 1 gives an overview over the Skagerrak-Kattegat region, the location of emission sources 
and possible storage. 
Figure 1. Overview of the Skagerrak-Kattegat region with location of emission sources and 
possible storage. (Illustrative purpose only) 
2. Methodology
Developing a complete transport solution for a region offers several challenges. An important one 
is accurately estimating the CO2 quantity to be transported. The CO2 emission sources will most 
likely implement CCS over several years. Possible future emission increases due to new industries 
or power plants should be addressed. Emission reductions can also occur due to closing down of 
plants, energy optimizations and new technologies. Implementation of capture will also in itself 
generate more CO2 as capture is an energy demanding process. A build-up of a CO2 transport 
network covering the whole region will be gradual and take time. The optimal solution might 
initially be ship for the first CCS ready sources. The end goal is a complete transport solution for 
CO2 in the region, a network of pipelines only or a combination of pipelines and ships. Both 
transport methods have advantages and disadvantages. The main difference is that ship transport is 
more economic for smaller quantities of CO2 over longer distances, while pipeline is a better option 
for larger quantities and shorter distances. Ship transport might also be a temporary solution until a 
pipeline network is fully developed and operational. Aspelund et al. (2006) [8] concluded that a 
flexible transport system is needed due to scattered emission points and the uncertainty associated 
with the time-line for CO2 capture. The interface between capture, transport and storage is shown in 
Figure 2.
Figure 2. The interface between capture, transport and storage.  
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Components included in the transportation infrastructure depend on the mode of transport. For 
ship transport a liquefaction plant is needed, intermediate storage at both ends, loading and 
unloading equipment. Pipeline transport requires one or more booster stations depending on length 
and possible hubs. A schematic sketch of the transport options are given in Figure 3. Currently, CO2
transport on ship is performed in partially pressurized tankers at a pressure of 14 – 20 bar. Large-
scale ship transport should take place at pressures near the triple point, for example at 7 barg and     
-50°C, for it to be economically viable. In the most flexible solutions CO2 is pumped to a pressure 
higher than the injection pressure, before it is heated to the ambient temperature and transferred to 
the injection point. Heating of CO2 at storage location in the Skagerrak basin or North Sea is 
necessary and a heating system is required. Transport of CO2 in pipelines is most effective when the 
CO2 is in liquid or supercritical state (dense phase). The reason for this is that the friction loss along 
the pipeline pr. mass unit of CO2 is lower compared with the transport of CO2 as a gas or a two-
phase, liquid and gas. The pressure in the pipe is reduced due to friction and the temperature 
decrease due to heat transfer with the outside medium. Higher velocities and smaller diameter gives 
a greater pressure loss and booster stations may be needed, but the pipeline cost is reduced. It is 
stated that a booster station was needed half way on a stretch of 480 km. According to Kjärstad and 
Johnsson (2009) [9] booster stations are recommended every 200 km. Offshore pipeline transport of 
CO2 can typically occur at 200 bar, but the exact conditions will depend on the storage requirements 
and possibilities of using booster stations along the route. The components inside the large square in 
Figure 3 are included in the cost estimations of the transport solutions presented in the next section.  
a)
CO2 feed gas
70 bara and 20 oC
Liquefaction Buffer storage Liquid CO2, 7 barg and - 50 
oC Reservoir
b)
 c)
Figure 3. A schematic sketch of possible CO2 transport options, a) pipeline transport, b) ship 
transport and c) a combination of ship and pipeline transport. 
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3. Cases
Due to the uncertainties regarding ramp-up of CCS and location of suitable storage sites several 
transport cases will be estimated. Additional cases can be included at a later time. Descriptions of 
the first three cases and a comparison case are given below: 
Case 1 – Pipeline transport of CO2 to an aquifer in the Skagerrak/Kattegat basin 
In this case it is assumed that all emission sources capture CO2 and are connected in a pipeline 
network. A first indicator of a possible storage place is offshore of Grimstad in Norway. The 
location of the central collection point will be evaluated. Case 1 will easily be compared with case 2 
and the comparison case, and will give the costs and technical solutions for transport and storage in 
the Skagerrak/Kattegat basin. Case 1 is illustrated in Figure 4a.  
Case 2 – Combination of ship and pipeline transport to an aquifer in the Skagerrak/Kattegat 
basin
The most likely solution in a ramp-up phase is to use a combination of ship and pipeline transport. 
CO2 pipelines will be installed from the major sources to permanent storage in the Skagerrak basin. 
The CO2 from minor sources will be transported by ship to a hub at Stenungsund on the west cost of 
Sweden and pipeline transport to permanent storage. CCS is fully integrated at all emission sources. 
A central pipeline network connects the areas with largest CO2 emissions, Grenland (Norway), 
Gothenburg (Sweden), and Aalborg (Denmark). CO2 from the remaining sources are collected and 
transported to a hub at Stenungsund by ship and then by pipeline to the central pipeline network to 
permanent storage. An illustration of the case is found in Figure 4b. This case will not be 
investigated further in this paper.
Case 3 – Return load LNG/CO2
The ship transportation require very cold (-50°C) CO2. This project will look into the possibility to 
use the same ship for transporting LNG (liquid natural gas) as return load from a hub to the CO2
source. This case will not be investigated in this paper.  
Comparison case – CO2 by pipeline to hub on the west coast of Norway for storage in Utsira 
Even though this sink is located outside of the region it will be used as a baseline and compared to 
the proposed transport cases, to give the cost data for transporting the CO2 to another area.  The 
cases proposed in the project will be compared to this transport and storage solution. This case will 
illustrate the cost for transporting all the CO2 from the sources in Skagerrak-Kattegat to a hub for 
storage in Utsira, which is an identified storage possibility. It is assumed that all sources have fully 
integrated CCS; therefore no ramp-up scenarios are included. This case is illustrated in Figure 4c. 
The pipeline network encompasses all emission sources with a central pipeline running through the 
region. CO2 from all of the sources are collected in a larger pipeline for transport to a hub. 
Generally it can be said for all cases that the proposed pipeline network and ship route is not final 
and an as close to optimal solution as possible will be recommended. The distances used in the 
calculations are measured using publicly available maps. The distance due to the terrain is included 
by adding factors to the measured distance. Onshore distances are assumed to be 20% longer and 
offshore distances are assumed to be 10% longer. The same factors were used in Kjärstad and 
Johnsson (2009) [9] where they were added to distances measured in a geological information 
system (GIS). In Pöyry (2007) [10] a 20% increase was added to the distances. The added distance 
for ship route is set to 10% of the measured distance.  
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Other cases should include different scenarios for ramp-up of CCS. It is not realistic to assume 
that CCS will be fully integrated at all sites at the same time. The most realistic would be a gradual 
increase in CO2 available for transport. A sensitivity analysis could include decrease and increase of 
sources in the area.  
a) b)
c)
Figure 4. Illustrations of a) case 1 (storage in Skagerrak), b) case 2 (hub at Stenungsund) and c) 
comparison case (storage in Utsira). (pipeline and ship routes are intermediately, and only for 
illustration purpose)  
4. Assumptions
The following assumptions have a main impact on the transport costs: 
 Production volumes and distances. The volumes of CO2 are given from each source, 
and then the project group have evaluated the amount of CO2 that are catchable from 
each source. As the project advances updated information will be obtained from the 
other work packages and the numbers adjusted. The distance between source and 
storage place are a rough estimate, and added 10 and 20 % according to topography 
offshore and onshore. 
 Choice of material: Carbon steel  
 Project life time and rate of return: 25 years and 8 %
 Transport boundaries: The CO2 is assumed to be delivered from the capture plant at 
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70 bar and ambient temperature. The transport process is assumed to deliver the CO2
to the storage process at the well head in the following condition: 
 Temperature: ambient seawater temperature, minimum 4°C 
 Pressure:  minimum dense phase 
5. Preliminary cost results 
The cost results are preliminary, and will be adjusted when final assumptions are available from the 
other work packages. The transport cost for case 1, pipeline network to storage in the Skagerrak 
basin, are calculated and gives a CAPEX of 1150 MEUR. This includes technical costs, indirect 
costs, insurance, pump cost (according to pressure drops in the pipeline) and contingency. The 
comparison case, pipeline network to a hub near Utsira gives a CAPEX of nearly 2150 MEUR. The 
costs are almost double, and that is due to the extended distance from the sources. OPEX are not 
significant compared with CAPEX for any of the proposed solutions. 
Cost results for the other cases and costs for storage will be prepared during the next phase of the 
project.
6. Conclusion
Comparing the results from the two at present calculated cases gives an overview of the transport 
cost according to distance. Obviously the storage costs will influence the choice of priority for the 
different cases, and also the technical requirements for the storage place.  
Transporting CO2 to the Utsira hub is almost double the transport costs comparing to the storage in 
the Skagerrak basin case. This shows the importance of finding a storage place close to the emission 
sources. Additional costs may influence the results, and this will be further investigated as the 
project progresses.
7. References 
[1] Chrysostomidis I, Zakkour P, Bohm M, Beynon E, de Filippo R, Lee A. Assessing issues of 
financing a CO2 transportation pipeline Infrastructure. Energy Procedia. 2009; 1:1625-32 
[2] van den Broe M, Brederode E, Ramírez A, Kramers L, van der Kuip M, Wildenborg T, et al. An
integrated GIS-MARKAL toolbox for designing a CO2 infrastructure network in the Netherlands,
Energy Procedia, 2009; 1:4071-78 
[3] Coleman DL. Transport infrastructure rationale for carbon dioxide capture & storage in the 
European Union to 2050. Energy Procedia. 2009; 1:1673-81 
[4] McCoy ST, Rubin ES. An engineering-economic model of pipeline transport of CO2 with 
application to carbon capture and storage. International Journal of Greenhouse Gas Control. 2008; 
2:219-29
[5] Medeiros JLde, Versiani BM, Araújo OQF. A model for pipeline transportation of supercritical 
CO2 for geological storage. The Journal of Pipeline Engineering. 2008; 7:253-79 
[6] Torp TA, Gale J. Demonstrating storage of CO2 in geological reservoirs: The Sleipner and 
SACS projects. Energy. 2004; 29:1361-69
[7] Hermanrud C, Andresen T, Eiken O, Hansen H, Janbu A, Lippard J, et al. Storage of CO2 in 
saline aquifers–Lessons learned from 10 years of injection into the Utsira Formation in the Sleipner 
area. Energy Procedia. 2009; 1:1997-2004 
3022 R. Skagestad et al. / Energy Procedia 4 (2011) 3 16–3023
Ragnhild Skagestad/ Energy Procedia 00 (2010) 000–000 
[8] Aspelund A, Mølnvik MJ, De Koeijer G. Ship transport of CO2 - technical solutions and 
analysis of costs, energy utilization, exergy efficiency and CO2 emissions. Chem. Eng. Res. Des. 
2006; 84-A9:847–55 
 [9] Kjärstad J, Johnsson F. Ramp-up of large-scale CCS infrastructure in Europe, Energy Procedia, 
2009; 1:4201-08 
[10] Pöyry. Analysis of carbon capture and storage cost-supply curves for the UK. 2007 
R. Sk estad et al. / Energy Procedia 4 (2011) 3 16 3 23 3023
